1. Introduction
===============

Cardiovascular disease is the leading cause of death worldwide.[@cvy206-B1] Aging is a major independent risk factor for cardiovascular disease and is accompanied by a structural and functional decline in many organs. Aging of the vasculature is characterized by thickened intima, increased arterial stiffness, endothelial dysfunction, and chronic vascular inflammation.[@cvy206-B2] On the cellular level, aging leads to cellular senescence and increased inflammatory activation. The onset of senescence is usually due to telomere shortening and/or DNA damage response pathways.[@cvy206-B3] Senescence is established by two major pathways, the p53/p21 and p16^INK4a^/pRB pathways, and has a detrimental effect in many age-related diseases.[@cvy206-B4] Endothelial cell senescence is associated with reduced synthesis of nitric oxide and endothelial dysfunction,[@cvy206-B7]^,^[@cvy206-B8] which is a risk factor for the development of atherosclerosis.[@cvy206-B9] Senescent cells secret many pro-inflammatory cytokines and chemokines, including IL-6 and IL-8 and can thus induce inflammation in the surrounding tissue.[@cvy206-B10] Increased inflammatory signalling on the other side was shown to promote senescence and to shorten lifespan in mice,[@cvy206-B13] while the depletion of p16^ink[@cvy206-B4]a^-positive cells *in vivo* was shown to significantly increase lifespan in mice.[@cvy206-B14] One of the major causes of age-related diseases seems to be vascular decline,[@cvy206-B15] and interestingly, induction of angiogenesis in aged mice rescued detrimental effects of aging, showing that some effects of aging can be reversed.[@cvy206-B16]

Atherosclerotic lesion formation initiates at sites of endothelial inflammation, where endothelial cells express cell surface adhesion molecules. Senescent ECs are present within atherosclerotic plaques[@cvy206-B17] and vascular smooth muscle cell senescence was shown to promote the formation of atherosclerotic plaques.[@cvy206-B18] Furthermore, inflammatory signalling in ECs induces IL-6 secretion, along with inflammatory adhesion molecules on the cell surface[@cvy206-B21] and IL-6 plays a central role in propagating the inflammatory response in atherosclerosis development.[@cvy206-B22] IL-6 activates signal transducer and activator of transcription 3 (STAT3) by inducing STAT3 phosphorylation at TYR705 by janus kinase 2 (JAK2). STAT3 inhibition was shown to promote satellite cell expansion and tissue repair in aged mice.[@cvy206-B23] Furthermore, STAT3 induces p21 expression via transcriptional activation of FOXP3 and by direct binding in the p21 gene promoter region.[@cvy206-B24]^,^[@cvy206-B25] It was furthermore shown to upregulate the expression of intercellular adhesion molecule 1 (ICAM-1) in human hepatocellular carcinoma cells and in endothelial cells.[@cvy206-B26]^,^[@cvy206-B27] In addition, STAT3 induced IL-6 levels by direct binding to the IL-6 promoter region in a protein kinase C ε dependent manner.[@cvy206-B28]^,^[@cvy206-B29]

Long non-coding RNAs (lncRNAs) are RNAs that are not translated into protein and are more than 200 nucleotides in length. The database lncipedia currently lists 111 685 annotated lncRNAs of different biotypes in humans.[@cvy206-B30] LncRNAs have been shown to play important roles in the cardiovascular system.[@cvy206-B31] For example, the depletion of MALAT1 in ECs inhibits vascular growth *in vivo* and *in vitro.*[@cvy206-B32] H19 was one of the first known lncRNAs and is located on 11p15 in humans.[@cvy206-B33]^,^[@cvy206-B34] The locus encoding H19 is evolutionary conserved in mammals, is located upstream of insulin growth factor 2 (IGF2) and is paternally imprinted.[@cvy206-B35] H19 is upregulated again during tissue regeneration, carcinogenesis and upon hypoxia.[@cvy206-B36] In a recent study, H19 was shown to be upregulated by treatment with prostacyclin producing human mesenchymal stem cells and to promote cell survival and proliferation in a hindlimb ischaemia model.[@cvy206-B40] Another study highlights the role of H19 in calcific aortic valve disease, where it prevented the recruitment of p53 to the NOTCH1 promoter.[@cvy206-B41] However, until now, H19 has not been described to be involved in aging of the cardiovascular system.

Here, we show that H19 is expressed in the adult endothelium and is decreased during aging. H19 depletion in endothelial cells results in premature senescence. Furthermore, H19 loss-of-function induces inflammatory signalling *via* the STAT3 signalling pathway. Inhibition or endothelial-specific genetic deletion of H19 reduces endothelial cell function and overexpression of H19 ameliorates endothelial function in aged aortas. These results show a central role of H19 in reducing endothelial cell aging.

2. Methods
==========

2.1 Cell culture
----------------

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza (Lots p997 and p1028) and cultured in endothelial basal medium (EBM; Lonza), supplemented with EGM SingleQuots (Lonza) and 10% foetal calf serum (FCS; Invitrogen. San Diego, CA, USA). Human coronary artery endothelial cells were purchased from Promocell and cultured in endothelial growth medium MV (Promocell). Primary cells were used between Passage 2 and 4 for experiments. HeLa cells were cultured in Dulbecco\'s Modified Eagle Medium (DMEM) with 10% FCS, D-Glucose, Pyruvate, Penicillin/streptomycin, and minimum essential media non-essential amino acid mix (Sigma Aldrich); Hek293T cells were cultured in DMEM with 10% heat inactivated FCS, D-Glucose, Pyruvate, and Penicillin/streptomycin. Cells were cultured at 37°C with 5% CO~2~. Cell numbers were determined with a Nucleocounter NC-2000 (Chemometec A/S). HUVECs were stimulated with 100 ng/mL IL-6 (Peprotech) and sIL-6Rα (Peprotech) each in EBM for 10 min (for pSTAT3 Y705 western blots) or 4 h before cell lysates were prepared. A 20 µM Cryptotanshinone (CPT; Sigma Aldrich) in Dimethyl sulfoxide (DMSO) was added to cell culture medium 1 h prior to addition of IL-6 and sIL-6Rα. Equal volumes of DMSO were used as controls for CPT experiments.

2.2 BiKe
--------

Patients undergoing surgery for symptomatic or asymptomatic, high-grade (\>50% NASCET[@cvy206-B42]) carotid stenosis at the Department of Vascular Surgery, Karolinska University Hospital, Stockholm, Sweden, were enrolled in the Biobank of Karolinska Endarterectomies (BiKE) study. Symptoms of plaque instability were defined as transitory ischaemic attack, minor stroke, and *amaurosis fugax*. Patients without qualifying symptoms within 6 months prior to surgery were categorized as asymptomatic and indication for carotid endarterectomy based on results from the Asymptomatic Carotid Surgery Trial (ACST).[@cvy206-B43] Carotid endarterectomies (carotid plaques) were collected at surgery (totally 127) and normal artery controls were obtained from nine macroscopically disease-free iliac arteries and one aorta from organ donors without any history of cardiovascular disease (totally 10). All samples were collected with informed consent from patients or organ donors guardians. All human studies were approved by the regional Ethics Committee. The BiKE study follows the principles outlined in the declaration of Helsinki. The BiKE study cohort demographics, details of sample collection, processing, and large-scale profiling analyses were previously extensively described.[@cvy206-B44]^,^[@cvy206-B45] The microarray dataset is available from Gene Expression Omnibus (GSE21545).

2.3 *In situ* hybridization
---------------------------

For *in situ* hybridization on human tissue samples from the Munich Vascular Biobank,[@cvy206-B46] an Exiqon miRCURY LNA Digoxigenin (DIG)-labelled probe (5'-3' sequence:/5DigN/ATACAGCGTCACCAAGTCCA/3Dig_N/) was used with the accompanying kit and according to the manufacturer's protocol for paraffin-embedded sections (Exiqon, Vedbaek, Denmark). In brief, tissue sections were deparaffinized (formalin-fixed paraffin-embedded) and rehydrated. Nucleases were inactivated with Proteinase K, followed by a 2 h hybridization interval at 56°C. Slides were washed in saline-sodium citrate buffers with subsequent DIG detection methods.

2.4 Human tissue morphology analysis and immunohistochemistry
-------------------------------------------------------------

Human carotid arterial plaque material was sampled during carotid-endarterectomy, fixed for 48 h in 2% zinc-paraformaldehyde at room temperature, paraffin-embedded and cut into 5 µm thick slides. Per carotid plaque specimen, four slides were stained with haematoxylin and eosin (HE) as well as van Gieson's staining. Plaques were classified as ruptured or stable according to their histomorphologic AHA classification[@cvy206-B47] and critical fibrous cap thickness as described by Redgrave *et al.*[@cvy206-B48] Per group (ruptured or stable), five representative whole plaque transverse sections from three different plaques were selected for staining. Control carotid arteries were obtained from deceased organ donors without any reported history of advanced or severe cardiovascular disease.

For immunohistochemistry a standard biotin-avidin-immunoperoxidase method with a monoclonal mouse anti-human antibody from Agilent (Santa Clara, CA, USA) for CD31 was utilized.

2.5 qRT-PCR
-----------

Total RNA from cultured cells and mouse tissues was isolated with Qiagen miRNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. Nuclear and cytoplasmic RNA was isolated as previously described.[@cvy206-B49] For Real Time Quantitative PCR (qRT-PCR) analysis, 100--1000 ng total RNA was reverse transcribed using random hexamer primers (Thermo Fisher Scientific) and either MulV or Superscript reverse transcriptase (Applied Biosystems). qRT-PCR was done with Fast SYBR Green Master Mix (Applied Biosystems) in Applied Biosystems StepOne Plus or Viia7 devices. Ribosomal protein, large, P0 (RPLP0) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used for normalization. Gene expression analysis was done using the 2^−ΔCT^ method. Primer sequences can be found in [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Table S1B](#sup1){ref-type="supplementary-material"}.*

2.6 GapmeRs/siRNAs
------------------

Cultured cells were transfected at 60--70% confluence with 66.6-nM siRNAs (Qiagen, Hilden, Germany) using Lipofectamine RNAiMax (Life Technologies) according to the manufacturer's protocol in serum reduced OptiMEM medium (Life Technologies). A siRNA against firefly luciferase (Sigma Aldrich, St. Louis, MO, USA) was used in the same concentrations. The medium was changed after 4 h of transfection to full growth medium. Sequences of the siRNAs can be found in [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Table S1C](#sup1){ref-type="supplementary-material"}.*

2.7 Lentivirus
--------------

Long-term overexpression and suppression of KLF2 was done according to Dekker *et al.*[@cvy206-B50] Human H19 (ENST00000412788) full length cDNA was cloned into pLenti4/v5 (Life Technologies). Lentivirus stocks were produced in Hek293T cells using pCMVΔR8.91 as packaging plasmid and pMD2.G (Addgene \#12259) as vesicular stomatitis virus G glycoprotein envelope expressing plasmid.[@cvy206-B51] Empty vectors were used as control. Transduction was done for 24 h.

2.8 Western blot analysis
-------------------------

HUVECs were lysed in Radioimmunoprecipitation assay (RIPA) buffer (Sigma Aldrich) for 15 min on ice. After centrifugation with 10 000 *× g*, protein content was analysed with Pierce BCA Protein Assay Kit (Thermo Scientific). Equal amounts of protein were loaded on Sodium dodecyl sulfate gels and blotted on nitrocellulose membranes. Tubulin α or Actin was used as loading controls. Antibodies are listed in [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Table S1A](#sup1){ref-type="supplementary-material"}.*

2.9 Proliferation assay
-----------------------

Cells were incubated with 10 mM BrdU for 45 min (HUVECs) or 16 h (hCoAECs) and analysis was performed using the BrdU Flow Kit (BD Pharmingen) according to the manufacturer's protocol. Cells were stained with anti-BrdU-V450 or anti-BrdU-FITC for 20 min and 7-Aminoactinomycin D for 10 min and analysed using a FACS Canto II device (BD Bioscience).

2.10 Senescence associated β-Galactosidase staining
---------------------------------------------------

Senescence associated β-Galactosidase activity was analysed with the Senescence Associated β-Galactosidase Staining kit (Cell Signalling Technologies \#9860). Images were taken with 5× magnification with a Zeiss Axiovert 100 and the number of total cells, as well as the number of stained cells was determined in five images per condition and experiment.

2.11 Monocyte adhesion assay
----------------------------

Monocytes were isolated from fresh buffy coats. HUVECs were transfected 48 h prior to the assay and transferred to gelatin-coated 96-well plates and stimulated with IL-6 and sIL-6Rα 24 h prior to the assay. In 6 × 10^5^ 2', 7'-Bis-(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein, Acetoxylmethyl Ester (BCECF, Thermo Fisher Scientific)-stained monocytes were added to the HUVEC monolayer and plates were incubated 30 min at 37°C, 5% CO~2~. Vascular cell adhesion molecule 1 (VCAM-1) was blocked with 30 µg/mL anti-human VCAM-1 (BBA5, R&D Systems). Baseline fluorescence was measured in an ELISA reader, and wells were washed six times in total with Hank\'s balanced salt solution and fluorescence was measured again.

2.12 Microarrays
----------------

Microarray analysis of HUVEC total RNA was performed on the human GeneChip Gene 2.0 ST platform (Affymetrix, Santa Clara, CA, USA), as previously described.[@cvy206-B52] The Database for Annotation, Visualization and Integrated Discovery (DAVID) bioinformatics resources were utilized for pathway analysis of gene ontology terms.

2.13 Aortic rings
-----------------

Aortic rings were prepared as previously described.[@cvy206-B53] For overexpression, the same lentiviral stocks and concentrations as for cultured cells were used. Transduction was done for 24 h in OptiMEM (Life Technologies). Depletion of H19 was done with a mouse specific LNA GapmeR against H19 or GapmeR control A (Exiqon, Vedbaek, Denmark) for 24 h in OptiMEM with Lipofectamine RNAiMax (Life Technologies). Mosaic pictures were taken with a Zeiss Axiovert microscope with 5× magnification. The cumulative sprout length was determined with Zeiss Axiovision software. LNA GapmeR sequences can be found in [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Table S1C](#sup1){ref-type="supplementary-material"}*.

2.14 RNA immunoprecipitation
----------------------------

Cells were crosslinked with 50 mJ/cm^2^ UV light and lysed with total lysis buffer (50 mmol/l Tris-HCl pH8, 150 mmol/l NaCl, 0.5% NP-40, and protease inhibitors). The lysates were cleared by centrifugation at 10 000 *× g* and incubated with protein G magnetic beads (Life Technologies) coated with antibodies listed in [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Table S1A](#sup1){ref-type="supplementary-material"}* for 4 h at 4°C, and then washed with lysis buffer with 0.05% NP40. RNA was recovered after protein digestion with Proteinase K and nucleic acids isolated by phenol/chlorophorm/isoamyl extraction and analysed by qRT-PCR.

2.15 ELISA
----------

The expression of human IL-6 was determined with human IL-6 enzyme-linked immunosorbent assay (ELISA) kit (Invitrogen) according to the manufacturer's instructions. HUVECs were lysed with RIPA buffer and the protein content was analysed with Pierce BCA Protein Assay kit (Thermo Scientific). A total of 10 µg protein was used per sample for the ELISA and signals were analysed with a Promega GloMax Multi+ device.

2.16 Flow cytometry
-------------------

Cells were stimulated with 100 ng/mL IL-6 (Peprotech) and sIL-6Rα (Peprotech) overnight. Cells were detached with 1 mM EDTA solution, stained with anti-ICAM-1 (Biolegend), and anti-VCAM-1 (Biolegend) antibodies, fixed with 4% paraformaldehyde and analysed using a FACS Canto II device (BD Bioscience).

2.17 Animal experiments
-----------------------

All mice experiments were carried out in accordance with the principles of laboratory animal care as well as according to the German national laws and the guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. The studies have been approved by the local ethics committee (Regierungspräsidium Darmstadt, Hessen). Cdh5(PAC)-CreERT2-H19 flox mice on a C57Bl6/J background were injected intraperitoneally with tamoxifen seven times during 3 weeks prior to surgery, organ harvest, or blood pressure analysis. Cdh5(PAC)^CreERT2/+^; H19^fl/fl^ (referred to as H19^iEC-KO^) and Cre-negative H19^fl/fl^ and H19^fl/+^ (referred to as Ctrl) mice were used. The 10 µm sections of the frozen soleus muscle were used for morphological analysis. Hind-limb ischaemia and subsequent laser-Doppler perfusion measurement and assessment of capillary density were performed as described.[@cvy206-B54] Briefly, animals were anaesthetized with isoflurane and analgesia was carried out with Buprenorphin (Temgesic^®^, 0.1 mg/kg body weight every 12 h for 3 days, s.c.) and Carprofen (Rimadyl^®^, 5 mg/kg body weight every 24 h for 6 days, s.c.). Animals were sacrificed by cervical dislocation. Animal health was evaluated daily. Genders were 3×♀ and 2×♂ for Ctrl and 1×♀ and 4×♂ for endothelial-specific inducible H19 deficient mice (H19^iEC-KO^). The mice were between 16 and 17 weeks old at the start of the experiment. For blood pressure analysis, genders were 2×♀ and 3×♂ for both groups. The mice were 12 weeks old at the start of the experiment. Blood pressure was measured daily during two weeks with the Visitech-Systems BP-2000 tail cuff system. Fifteen measurements were done per day and the last 10 were used for analysis. H19 flox and Cdh5(PAC)-CreERT2 mice were kindly provided by Karl Pfeifer (NIH, Bethesda, MD, USA) and Ralf Adams (MPI, Münster, Germany), respectively. Antibodies and reagents are listed in [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Table S1A](#sup1){ref-type="supplementary-material"}*.

2.18 Statistical analysis
-------------------------

Data are expressed as mean ± standard error of the mean (SEM). GraphPad Prism 5 and 7 were used for statistical analysis. Data were tested for Gaussian distribution with the Kolmogorov--Smirnov test (with Dallal-Wilkinson--Lilliefor *P*-value) and paired or unpaired Student's *t*-test or Mann--Whitney test was performed when comparing two groups. Analysis of variance (ANOVA) followed by Tukey's post-test was performed for multiple comparisons. Outliers within a group were detected with a Grubbs' outlier test and significant outliers (*P* \< 0.05) were excluded from the analysis. Statistical significance was depicted as follows: \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, n.s. = not statistically significant.

3. Results
==========

3.1 H19 is expressed in the endothelium and repressed by aging
--------------------------------------------------------------

To assess aging-induced lncRNA expression regulation in the cardiovascular system, previously published microarray data of organs from young (8 weeks) and aged (18 months) mice were analysed.[@cvy206-B52]^,^[@cvy206-B55] The lncRNA H19 was repressed by aging especially in lung endothelial cells of aged mice compared with young mice, but was not affected in other tissues (*Figure [1](#cvy206-F1){ref-type="fig"}A*). Further dissection of the aorta in aortic intima and aortic media/adventitia in a second cohort of mice and measurement of expression by qRT-PCR confirmed that H19 was repressed by aging in endothelial cells selectively (*Figure [1](#cvy206-F1){ref-type="fig"}B*). Analysis of human atherosclerotic plaques from carotid arteries revealed a repression of H19 expression compared to healthy arteries (*Figure [1](#cvy206-F1){ref-type="fig"}C*). *In situ* hybridization in healthy carotid arteries revealed a colocalization of H19 with CD31, indicating that H19 is mainly expressed in the endothelium of healthy arteries (*Figure [1](#cvy206-F1){ref-type="fig"}D*). Luminal endothelial cells from atherosclerotic plaques in carotid arteries did not express H19 but endothelial cells from intraplaque blood vessels showed H19 expression (*Figure [1](#cvy206-F1){ref-type="fig"}D*). The two hallmarks of vascular aging are reduced proliferative capacity (and concomitant increase in senescence) and inflammatory activation. To assess if H19 contributes to either of these two features of aging, we first analysed the role of H19 in proliferation. siRNA-mediated depletion of H19 in HUVECs led to a significant reduction of cells in S- and G2/M-phase, while cells accumulated in G0/G1 phase (*Figure [2](#cvy206-F2){ref-type="fig"}A* and [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S1A](#sup1){ref-type="supplementary-material"}*). The same effect was observed in primary human coronary artery ECs (hCoAEC) ([Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S1B](#sup1){ref-type="supplementary-material"}*). An accumulation of cells in G0/G1 phase is an indication for cellular senescence and indeed, silencing of H19 increased the number of acidic β-galactosidase positive HUVECs and hCoAECs, which is a marker of cellular senescence (*Figure*[*2B*](#cvy206-F2){ref-type="fig"}*and*[*C*](#cvy206-F2){ref-type="fig"}). In addition, upon silencing of H19, an upregulation of the cyclin-dependent kinase inhibitors p16 and p21 was observed (*Figure*[*2D*](#cvy206-F2){ref-type="fig"} and [*E*;](#cvy206-F2){ref-type="fig"}[Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S1C](#sup1){ref-type="supplementary-material"}*). In concordance, lentivirus-mediated overexpression of H19 tended to reduce p16 and p21 expression ([Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S1D](#sup1){ref-type="supplementary-material"}* and *E*). Taken together, these results show that H19 inhibits senescence and promotes proliferation in endothelial cells.

![The lncRNA H19 is repressed with age and is mainly localized in the endothelium of blood vessels. (*A*) Differentially expressed transcripts with age were identified in a microarray screen of different mouse tissues from young (6 weeks, white bars) and aged (18 months, grey bars) mice. Microarray intensities corresponding to H19 levels are depicted. Results are represented as mean ± SEM from four mice per group. Unpaired *t*-test was used to determine statistical significance. (*B*) The same tissues as in *A* were isolated in a separate experiment, and the aortic intima was separated from the media/adventitia of the aorta. H19 was analysed by qRT-PCR. Results are represented as mean ± SEM from 5 to 7 mice per group. Unpaired *t*-test was used to determine statistical significance. (*C*) H19 expression was analysed in human tissue samples of healthy iliac arteries (*n* = 9) and healthy aorta (*n* = 1) and advanced carotid plaques (*n* = 127). Results are represented as mean ± SD. Unpaired *t*-test was used to determine statistical significance. (*D*) Localization of H19 in un-diseased human arteries and atherosclerotic lesions was analysed by *in situ* hybridization. An antibody against CD31 was used to visualize endothelial cells. Arrows indicate colocalization of H19 and CD31 staining. The scale bar denotes 50 µm; \**P* \< 0.05, \*\*\**P* \< 0.001, and \*\*\*\**P* \< 0.0001.](cvy206f1){#cvy206-F1}

![Depletion of H19 promotes senescence in endothelial cells. (*A*) A BrdU flow cytometry assay was performed to analyse EC proliferation upon H19 depletion 48 h after transfection in HUVECs. Results are represented as mean ± SEM from *n* = 10 biological replicates per group. Unpaired *t*-test was used to determine statistical significance. (*B/C*) The amount of senescent HUVECs (*B*) and hCoAECs (C) was analysed by staining for senescence-associated β-Galactosidase upon H19 depletion 48 h after transfection. The scale bar denotes 100 µm. Results are represented as mean ± SEM from *n* = 10 or *n* = 9 biological replicates per group, respectively. Unpaired *t*-test was used to determine statistical significance. (*D*/*E*) p21 (CDKN1A) expression upon H19 depletion by siRNAs in HUVECs was analysed on the mRNA level by qRT-PCR (*D*) and on the protein level by immunoblotting (*E*) 48 h after transfection. Results are represented as mean ± SEM from *n* = 8 biological replicates per group. Unpaired *t*-test was used to determine statistical significance; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.](cvy206f2){#cvy206-F2}

3.2 H19 depletion impairs endothelial cell function *in vivo*
-------------------------------------------------------------

Endothelial cells from aged individuals exhibit less angiogenic activity *in vitro.*[@cvy206-B56] To assess whether reduction in H19 contributes to endothelial cell functional decline during aging *in vivo*, an *ex vivo* aortic ring assay with young and aged mice was performed. The sprouting capacity of ECs from young (2 months) and aged (20 months) mice was analysed and in addition to that, H19 was depleted in aortic rings of young animals with LNA GapmeRs and human H19 was overexpressed in aortic rings of aged animals with lentivirus. In line with the data above (*Figure [1](#cvy206-F1){ref-type="fig"}*), the expression of H19 was reduced in aortic rings of aged mice compared to young animals by nearly 50% (*Figure [3](#cvy206-F3){ref-type="fig"}A*). Accordingly, the capacity of ECs to form sprouts was significantly decreased with aging (*Figure*[*3B*](#cvy206-F3){ref-type="fig"}*and*[*C*](#cvy206-F3){ref-type="fig"}). Depletion of H19 with LNA GapmeRs in aortic rings of young animals led to a decrease of H19 RNA levels of roughly 50% compared with control treated aortic rings, comparable to the aging-mediated reduction (*Figure [3](#cvy206-F3){ref-type="fig"}A*). Sprouting capacity was significantly reduced upon silencing of H19 to a similar extent as aging-mediated reduction of outgrowth. Moreover, overexpression of human H19 in aortic rings of aged animals led to a trend towards the rescue of the aged phenotype and to cumulative sprout lengths comparable to those of young animals (*Figure*[*3B*](#cvy206-F3){ref-type="fig"}*and*[*C*;](#cvy206-F3){ref-type="fig"}[Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S1F](#sup1){ref-type="supplementary-material"}*). To further substantiate this phenotype, aortas from H19^iEC-KO^ were analysed for their angiogenic capacity in an aortic ring assay. Tamoxifen administration led to the almost complete deletion of H19 in ECs of H19^iEC-KO^ mice ([Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S1G](#sup1){ref-type="supplementary-material"}*). EC sprouting was not significantly altered, but the proportion of aortic rings that did not form outgrowths at all was significantly higher in the H19^iEC-KO^ group compared to Ctrl ([*Figure 3D*](#cvy206-F3){ref-type="fig"} and [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S1H](#sup1){ref-type="supplementary-material"}*). To further analyse, the role of H19 *in vivo*, H19^iEC-KO^ mice were subjected to hindlimb ischaemia. The analysis of capillary density in the ischaemic leg revealed significantly less capillaries in H19^iEC-KO^ mice compared with Ctrl littermates, which is in line with the findings from the aortic ring assay (*Figure [3](#cvy206-F3){ref-type="fig"}E*). Since increased blood pressure is another characteristic of cardiovascular aging,[@cvy206-B2] we next measured blood pressure in these mice. While the diastolic blood pressure was not changed, H19^iEC-KO^ mice showed an increase in systolic blood pressure compared with Ctrl littermates upon EC-specific deletion of H19 ([Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S2A](#sup1){ref-type="supplementary-material"}* and *B*). Together, these results show that the functional decline of H19 during aging contributes to a reduction in endothelial cell function.

![The loss of H19 reduces angiogenesis *in vivo* and *ex vivo*. (*A*) The expression of H19 in aortas of untreated aged (20 months) and young (2 months) mice and in the aortas of young mice upon transfection with LNA Ctrl or LNA H19 was analysed. Results are represented as mean ± SEM from six mice per group. Unpaired *t*-test was used to determine statistical significance. (*B/C*) The cumulative sprout length from aortic rings of differentially treated aged and young mice was analysed. ECs were stained with Isolectin B4 and pictures from immunofluorescence microscopy analysis are represented inverted in *C*, and the scale bar denotes 500 µm. Results are represented as mean ± SEM from six mice per group. Unpaired *t*-test was used to determine statistical significance, 3--5 aortic rings per mouse were analysed. Each icon represents an individual aortic ring. (*D*) The amount of sprouting and non-sprouting aortic rings per group was analysed. The χ^2^ test was used to compare groups. (*E*) The capillary density in the soleus muscle of endothelial-specific inducible H19^iEC-KO^ mice and Ctrl littermates was analysed 21 days after hindlimb ischaemia surgery. Endothelial cells are displayed in red, cell membranes are displayed in white. The scale bar denotes 50 µm. Results are represented as mean ± SEM from five mice per group. Unpaired *t*-test was used to determine statistical significance; \**P* \< 0.05 and n.s. = not significant.](cvy206f3){#cvy206-F3}

3.3 H19 counteracts inflammatory activation
-------------------------------------------

Having demonstrated that H19 is required for proper endothelial cell function, we next aimed to analyse its role in vascular inflammation. Vascular inflammation is characterized by the expression of adhesion molecules and subsequent monocyte infiltration into the underlying tissue.[@cvy206-B9] Interestingly, the depletion of H19 in HUVECs increased the expression of the adhesion molecules ICAM-1 and VCAM-1 and their presentation on the cell surface (*Figure*[*4A*](#cvy206-F4){ref-type="fig"} and [*B*](#cvy206-F4){ref-type="fig"}). Consequently, adhesion of monocytes to HUVECs was enhanced upon H19 depletion *in vitro* and blockage of VCAM-1 with an antibody abolished monocyte adhesion (*Figure [4](#cvy206-F4){ref-type="fig"}C* and [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S2C](#sup1){ref-type="supplementary-material"}*). To assess whether H19 plays a role in leucocyte extravasation *in vivo*, the inflammatory activation in the ischaemic legs of H19^iEC-KO^ mice after hindlimb ischaemia surgery was analysed by staining for CD45^+^ cells. H19^iEC-KO^ mice showed an increase in leucocyte infiltration into the tissue compared to Ctrl littermates (*Figure [4](#cvy206-F4){ref-type="fig"}D*). Furthermore, the regulation of H19 expression under inflammatory activation of ECs was analysed and H19 was downregulated in a time-dependent manner upon stimulation with tumor necrosis factor α (*Figure [4](#cvy206-F4){ref-type="fig"}E*). These results indicate that the reduced expression of H19 with age induces inflammatory activation of ECs, which leads to leucocyte infiltration into the underlying tissue. Moreover, inflammatory activation also represses H19 expression. These findings demonstrate that H19 negatively regulates the well described increase in inflammatory activation in aging.

![Depletion of H19 facilitates inflammatory activation of ECs. (*A*) The expression of ICAM-1 and VCAM-1 upon H19 depletion in unstimulated HUVECs was analysed by qRT-PCR 48 h after transfection. Results are represented as mean ± SEM from *n* = 7 and *n* = 12 biological replicates per group. Unpaired *t*-test (ICAM-1) and the Mann--Whitney test (VCAM-1) were used to determine statistical significance. (*B*) The cell surface abundance of ICAM-1 and VCAM-1 on HUVECs was analysed by flow cytometry 48 h after siRNA-mediated depletion of H19 and 16 h after stimulation with 100 ng/mL IL-6 and sIL6-Rα. Results are represented as mean ± SEM from *n* = 6 biological replicates per group. Unpaired *t*-test was used to determine statistical significance. (*C*) Adhesion of monocytes to HUVECs was measured upon siRNA-mediated depletion of H19 and stimulation with 100 ng/mL IL-6 and sIL6-Rα for 16 h in HUVECs, 48 h after transfection. Results are represented as mean ± SEM from *n* = 9 biological replicates per group. Unpaired *t*-test was used to determine statistical significance. (*D*) The number of CD45^+^ cells in the soleus muscle of endothelial-specific inducible H19^iEC-KO^ mice and Ctrl littermates was analysed 21 days after hindlimb ischaemia surgery. CD45^+^ cells are displayed in red, cell membranes are displayed in white. The scale bar denotes 100 µm. Results are represented as mean ± SEM from five mice per group. Unpaired *t*-test was used to determine statistical significance. (*E*) H19 expression in wild-type HUVECs was analysed by qRT-PCR at 1 h, 2 h, 4 h, 8 h, and 24 h after stimulation with tumor necrosis factor α. Results are represented as mean ± SEM from *n* = 5 to *n* = 7 biological replicates per group. A post-test for linear trend was used to determine statistical significance.; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.](cvy206f4){#cvy206-F4}

3.4 H19 regulates STAT3 signalling in endothelial cells
-------------------------------------------------------

To analyse the mechanism by which H19 regulates endothelial cell function, an unbiased microarray analysis upon siRNA-mediated depletion of H19 was performed and gene set enrichment analysis[@cvy206-B57] identified many proliferation- and inflammation-related pathways. Among those were several pathways associated with IL-6/STAT3 signalling (*Figure [5](#cvy206-F5){ref-type="fig"}A* and [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S2D](#sup1){ref-type="supplementary-material"}*). Importantly, an unbiased luciferase transcription factor activity reporter assay, containing reporters for 45 transcription factors, identified STAT3 as being the most differentially active upon H19 depletion and overexpression (*Figure [5](#cvy206-F5){ref-type="fig"}B* and [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S2E](#sup1){ref-type="supplementary-material"}*). STAT3 activity was increased upon H19 depletion and decreased upon H19 overexpression, indicating that H19 inhibits STAT3 signalling. Since IL-6/STAT3 signalling induces STAT3 phosphorylation, we first assessed whether H19 regulates STAT3 phosphorylation. The phosphorylation of STAT3 at tyrosine 705 was strongly increased upon H19 depletion (*Figure [5](#cvy206-F5){ref-type="fig"}C*). To a minor extent, the expression levels of STAT3 on mRNA and protein level were also increased after H19 silencing (*Figure*[*5C*](#cvy206-F5){ref-type="fig"} and [*D*](#cvy206-F5){ref-type="fig"}). Consistently, the expression of IL-6 and IL-6Rα was induced upon H19 depletion, likely as a downstream effect of the increased STAT3 activity (*Figure*[*5E*](#cvy206-F5){ref-type="fig"} and [*F*](#cvy206-F5){ref-type="fig"}). These results show that H19 is involved in the regulation of inflammatory processes and its depletion favours a pro-inflammatory environment, characterized by IL-6 signalling and STAT3 activation.

![H19 suppresses the activation of STAT3. (*A*) An unbiased microarray screen of HUVECs after siRNA-mediated H19 depletion was analysed for differentially regulated pathways, using Gene Set Enrichment Analysis. Enrichment scores of the indicated pathways are plotted on the *x* axis. (*B*) A high throughput transcription factor activity reporter luciferase assay upon siRNA-mediated depletion or lentiviral overexpression of H19 in HeLa cells was performed 48 h after transfection or 7 days after transduction, respectively. Depicted are ratios for activity of 45 transcription factors in siH19/si Ctrl treated cells (*x* axis) and Lenti-H19/Lenti-Mock treated cells (*y* axis) 24 h after transfection with the reporter constructs. STAT3 reporter activity is highlighted in black. (*C*) STAT3 total levels and levels of phosphorylated STAT3 at TYR705 were analysed by western blot upon H19 depletion 48 h after transfection in HUVECs. Results are represented as mean ± SEM from *n* = 6 biological replicates per group. Unpaired *t*-test was used to determine statistical significance. (*D*) The expression of STAT3 mRNA was analysed upon silencing of H19 by qRT-PCR 48 h after transfection in HUVECs. Results are represented as mean ± SEM from *n* = 6 biological replicates per group. Unpaired *t*-test was used to determine statistical significance. (*E*) The mRNA expression of IL-6 and IL-6Rα in HUVECs was analysed after H19 depletion by qPCR 48 h after transfection. Results are represented as mean ± SEM from *n* = 6 biological replicates per group. Unpaired *t*-test was used to determine statistical significance. (*F*) The concentration of intracellular IL-6 in HUVECs was analysed upon H19 depletion in an ELISA 48 h after transfection. Results are represented as mean ± SEM from *n* = 5 biological replicates per group. Unpaired *t*-test was used to determine statistical significance; \**P* \< 0.05 and \*\**P* \< 0.01.](cvy206f5){#cvy206-F5}

3.5 H19 regulates proliferation and inflammatory activation via STAT3 inhibition
--------------------------------------------------------------------------------

STAT3 is known to regulate p21 and ICAM-1. We therefore determined whether H19-mediated inhibition of STAT3 signalling contributes to regulation of proliferation and inflammatory activation by H19. The inhibition of STAT3 with CPT abolished the H19 depletion-mediated induction of p21 (*Figure [6](#cvy206-F6){ref-type="fig"}A*). Furthermore, the induction of ICAM-1 and VCAM-1 after H19 depletion was attenuated by STAT3 inhibition as well (*Figure*[*6B*](#cvy206-F6){ref-type="fig"} and [*C*](#cvy206-F6){ref-type="fig"}). Interestingly, induction of p16 mRNA expression was not affected by STAT3 inhibition ([Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S2D](#sup1){ref-type="supplementary-material"}*). Moreover, inhibition of STAT3 activation also abolished the effect of H19 depletion on HUVEC proliferation (*Figure [6](#cvy206-F6){ref-type="fig"}D*). These results show that the anti-inflammatory and proliferative effects mediated by H19 in ECs are at least partially due to inhibition of STAT3 activation.

![Inhibition of STAT3 activation partially rescues the effects of H19 silencing. (*A*) Expression of p21 was analysed upon depletion of H19 and inhibition of STAT3 activation with CPT in HUVECs 48 h after transfection. Cells were stimulated with 100 ng/µL IL-6 and sIL-6Rα for 16 h and with 20 µM CPT for 17 h before the start of the experiment. Results are represented as mean ± SEM from *n* = 11 and *n* = 5 biological replicates per group respectively. One-way ANOVA followed by Tukey's post-test was used to determine statistical significance. (*B*) Expression of ICAM-1 was analysed upon depletion of H19 and inhibition of STAT3 activation with CPT in HUVECs 48 h after transfection. Cells were stimulated with 100 ng/µL IL-6 and sIL-6Rα for 16 h and with 20 µM CPT for 17 h before the start of the experiment. Results are represented as mean ± SEM from *n* = 6 biological replicates per group. One-way ANOVA followed by Tukey's post-test was used to determine statistical significance. (*C*) Expression of VCAM-1 was analysed upon depletion of H19 and inhibition of STAT3 activation with CPT in HUVECs 48 h after transfection. Cells were stimulated with 100 ng/µL IL-6 and sIL-6Rα for 16 h and with 20 µM CPT for 17 h before the start of the experiment. Results are represented as mean ± SEM from *n* = 5 biological replicates per group. One-way ANOVA followed by Tukey's post-test was used to determine statistical significance. (*D*) A BrdU flow cytometry assay was performed after depletion of H19 and inhibition of STAT3 activation by CPT treatment 48 h after transfection in HUVECs. Cells were stimulated with 100 ng/µL IL-6 and sIL-6Rα for 16 h and with 20 µM CPT for 17 h before the start of the experiment. Results are represented as mean ± SEM from *n* = 4 biological replicates per group. Unpaired *t*-test was used to determine statistical significance. (*E*) Overview of H19 functions in ECs; \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, and n.s. = not significant.](cvy206f6){#cvy206-F6}

4. Discussion
=============

Our results demonstrate that H19 is an essential regulator of endothelial senescence and inflammatory activation and that H19 expression is diminished during aging, mainly in endothelial cells. Loss of H19 is accompanied by impaired angiogenic sprouting and an increase in infiltration of immune cells. Mechanistically, H19 inhibits the phosphorylation of STAT3 at TYR705 and thus the expression of STAT3 target genes (*Figure [6](#cvy206-F6){ref-type="fig"}E*).

H19 expression is repressed with aging *in vivo* in the endothelium and under inflammatory activation *in vitro* (*Figures*[*1*A, *B*](#cvy206-F1){ref-type="fig"} and [*4E*](#cvy206-F4){ref-type="fig"}). Under basal conditions, H19 is expressed in luminal endothelium *in vivo*, but repressed upon atherosclerotic plaque formation (*Figure*[*1C*](#cvy206-F1){ref-type="fig"} and [*D*](#cvy206-F1){ref-type="fig"}). How H19 expression is regulated during aging is still elusive but bioinformatic analysis revealed binding sites for members of the KLF transcription factor family in the H19 promoter region ([Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S3A](#sup1){ref-type="supplementary-material"}*). KLF2 was previously shown to possess atheroprotective effects,[@cvy206-B54] and we show that lentiviral overexpression of KLF2 induces the expression of H19 ([Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S3B](#sup1){ref-type="supplementary-material"}*), showing a potential role of KLF2 in controlling H19 expression.

Aging is known to have multiple synergistic effects on the endothelium. These hallmarks of aging include a decrease of proliferative capacity and an increase in inflammatory activation.[@cvy206-B58] Our data show that H19 regulates at least these two hallmarks of aging. A decline of endothelial H19 expression with aging therefore, likely contributes to endothelial senescence and inflammatory activation. Senescent cells are known to secrete inflammatory cytokines like IL-6.^10--12^ Depletion of H19 in HUVECs led to increased expression of IL-6 and subsequently to increased inflammatory activation, indicating that the loss of H19 with age might promote inflammatory activation *in vivo* (*Figure*[*5E*](#cvy206-F5){ref-type="fig"} and [*F*](#cvy206-F5){ref-type="fig"}). Cells within atherosclerotic plaques show markers of inflammatory activation and H19 is less expressed in these specimens (*Figure [1](#cvy206-F1){ref-type="fig"}C*). Furthermore, regions of atherosclerotic plaques also show enhanced senescence[@cvy206-B17] and the increase in senescence upon H19 depletion in endothelial cells indicates H19 might play a role in this process (*Figure*[*2B*](#cvy206-F2){ref-type="fig"} and [*C*](#cvy206-F2){ref-type="fig"}). Indeed in our hindlimb ischaemia model of endothelial cell function, angiogenesis is impaired and inflammation is increased after endothelial-specific deletion of H19. Interestingly, these two processes counteract in terms of perfusion of the hindlimb, where impaired angiogenesis decreases perfusion, but inflammation increases perfusion, resulting in a net perfusion that is not affected ([Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S3C](#sup1){ref-type="supplementary-material"}*). Since declined tissue perfusion is a clinical feature of aging,[@cvy206-B59] these data indicate that other H19-independent processes also control perfusion or that non-endothelial-intrinsic mechanisms play a role. Interestingly, EC-specific H19 depletion was sufficient to increase systolic blood pressure in mice, supporting our hypothesis that loss of endothelial H19 has detrimental effects on the vasculature.

Mechanistically, our data show that H19 controls proliferation and inflammation *via* STAT3 inhibition. Interestingly, STAT3 depletion in aged mice accelerated tissue repair, while this effect was absent in young mice.[@cvy206-B23] At which stage H19 inhibits STAT3 phosphorylation is currently unclear. However, inhibition of STAT3 activation was sufficient to abolish the induction of p21 and VCAM-1 upon pharmacological inhibition of H19. ICAM-1 was still induced upon inhibition of STAT3 activation and depletion of H19, but significantly less than with active STAT3, suggesting that H19 regulates ICAM-1 at least partially *via* STAT3. H19 was shown to act as a sponge for several microRNAs.[@cvy206-B60] However, bioinformatic analysis of publicly available Argonaute HITS-CLIP data did not show an association of H19 with miRNAs in bone marrow ECs[@cvy206-B63] ([Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S3D](#sup1){ref-type="supplementary-material"}*). H19 is predominantly located in the cytoplasm of HUVECs ([Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S3E](#sup1){ref-type="supplementary-material"}*) and RIP experiments showed that H19 was not associated to histone H3, H3K27me3 or H3K9me3 ([Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S3F](#sup1){ref-type="supplementary-material"}*), excluding epigenetic regulation of gene expression. Another published feature of H19 is that it can act as a precursor molecule for miR-675, which was shown to promote skeletal muscle differentiation and regeneration.[@cvy206-B37] However, in our experiments, depletion of H19 does not reduce miR-675 expression in HUVECs ([Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S3G](#sup1){ref-type="supplementary-material"}*), indicating that miR-675 likely does not contribute to H19 function in ECs.

In summary, the lncRNA H19 is repressed during aging and controls endothelial cell senescence, proliferation, inflammatory activation and angiogenic sprouting by inhibiting STAT3 activation. These results implicate H19 as a key mediator of endothelial cell function and identify H19 as a potential therapeutic target to augment endothelial cell function in aged individuals.
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